Background-Electric excitability in the ventricular wall is influenced by cellular electrophysiology and passive electric properties of the myocardium. Action potential (AP) rise time, an indicator of myocardial excitability, is influenced by conduction pattern and distance from the epicardial surface. This study examined AP rise times and conduction velocity as the depolarizing wavefront approaches the epicardial surface. Methods and Results-Two-photon excitation of di-4-aminonaphthenyl-pyridinum-propylsulfonate was used to measure electric activity at discrete epicardial layers of isolated Langendorff-perfused rabbit hearts to a depth of 500 μm. Endoto-epicardial wavefronts were studied during right atrial or ventricular endocardial pacing. Similar measurements were made with epi-to-endocardial, transverse, and longitudinal pacing protocols. Results were compared with data from a bidomain model of 3-dimensional (3D) electric propagation within ventricular myocardium. During right atrial and endocardial pacing, AP rise time (10%-90% of upstroke) decreased by ≈50% between 500 and 50 μm from the epicardial surface, whereas conduction velocity increased and AP duration was only slightly shorter (≈4%). These differences were not observed with other conduction patterns. The depth-dependent changes in rise time were larger at higher pacing rates. Modeling data qualitatively reproduced the behavior seen experimentally and demonstrated a parallel reduction in peak I Na and electrotonic load as the wavefront approaches the epicardial surface. 
V entricular electric propagation is governed by activation sequence, electric properties of the myocardial syncytium, and anatomy of the ventricular wall. 1, 2 Time course and rate of propagation of the action potential (AP) depends on ionic current flow across sarcolemmal membranes and the electric resistance and capacitance of nearby myocardium. 3 These factors are heterogeneous across the ventricular wall; because of polarized gap junction distribution, intercellular resistance depends on myocardial fiber orientation 4 ; electrotonic load at any given point in the myocardium depends on the activation sequence and distance from structural features, such as the epicardial surface. In addition, ion channel expression is heterogeneous in the apex-base 5 and endocardial-epicardial axes. 6 Therefore, the rate of depolarization of the AP reflects myocardial excitability. However, the influence of activation sequence on AP upstroke is still a matter of debate. 7, 8 Although continuous cable theory predicts that a higher conduction velocity (CV) is associated with higher maximal upstroke velocity (dV/dt max ), 9 on the surface of isolated cardiac muscle preparations longitudinal propagation results in faster CV but lower dV/dt max relative to transverse propagation. 10 These observations were explained by (1) predominantly axial connexin distribution and (2) arrangement of capillary vessels parallel to the longitudinal axis of the cells. 11 This has been challenged by computational modeling, which suggests that differences in upstroke characteristics are limited to myocardium close to the epicardial surface. 7 Until now, this could not be verified experimentally because of the technical difficulty associated with accurate transmembrane potential measurement from discrete layers in intact tissue. Previous work detailing cardiac AP upstroke recorded voltage from a single site 100 to 200 μm below the myocardial surface. 11 Intramural AP configuration across the wall has been examined using ventricular wedge preparations. 12 The intramural surface exposed by the sectioning of the ventricle allows voltage recordings but with associated disrupted electrotonic interactions. Fiber-optic probes offer an alternative approach for measuring optical APs at different levels in the ventricular wall. This minimizes tissue disruption but does not have cellular spatial resolution or imaging capability. 13 Using a combination of widefield (WF) epifluorescence and 2-photon laser scanning microscopy (2PLSM), we show for the first time the extent to which ventricular AP upstroke (and CV) is altered as APs propagate transmurally toward the left ventricular (LV) epicardial surface. AP rise time decreased and CV increased as the wavefront propagated the final ≈0.5 mm to the epicardial surface. Thus, AP rise time within the myocardium is significantly slower than at the epicardial surface, an effect accentuated at higher pacing rates. Thus, AP rise time, and consequently myocardial excitability, in deeper tissue layers is considerably lower than at the epicardial surface.
Materials and Methods

Experimental Preparation
All experiments complied with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH publication 85-23, revised 1985). Thirty-seven male New Zealand White rabbits (3.0-3.5 kg) were euthanized with an intravenous injection of sodium pentobarbital (100 mg/kg) and 2500 IU heparin. Excised hearts were cannulated and retrogradely perfused with oxygenated 37°C Tyrode solution (30 [20] , and glucose [20] ). Four propagation axes were studied: transmural propagation from endo-to-epicardium (endo-transmural), transmural propagation from epi-to-endocardium (epi-transmural), and propagation parallel (longitudinal) or perpendicular (transverse) to muscle fiber orientation on the epicardial surface. Pacing was initiated via the right atrial appendage (pacing cycle length [PCL] 300 ms). LV epicardial and endocardial stimulation was performed using bipolar surface and impalement electrodes, respectively. Hearts were loaded with di-4-aminonaphthenyl-pyridinum-propylsulfonate (di-4-ANEPPS; 100 μL of 1 mg/mL; Invitrogen, CA). A total of 10 mmol/L 2,3-butanedione monoxime (BDM; Sigma Aldrich, Dorset, United Kingdom) and 10 μmol/L blebbistatin (Enzo Life Sciences, Exeter, United Kingdom) were used to minimize motion artifact.
Optical AP Recordings: WF Epifluorescence and 2PLSM
A CardioCMOS-SM128 camera (Redshirt Imaging, Decatur, GA) for WF imaging and a 120fs-pulsed Ti:sapphire laser (Coherent Inc, Santa Clara, CA) tuned to 920 nm for 2PLSM were mounted to a Zeiss LSM-510 microscope system (Carl Zeiss AG, Oberkochen, Germany). All measurements were made on the mid-LV free wall (see experimental setup; Figure 1A -i). Excitation and emission pathways for WF and 2PLSM are shown in Figure IA in 
Computer Simulation
Electric activation was simulated within a ventricular tissue slab by solving the bidomain equations (solutions obtained as previously described), 14 under the same protocols as used experimentally using the Cardiac Arrhythmia Research Package. Tissue was constructed of regular tetrahedral finite elements (edge length, 50 μm; overall dimension, 2×5×5mm). Anisotropic conduction was represented through assignment of a transmurally rotating fiber orientation, varying linearly by 120° between endo-epicardium. Cellular ionic dynamics were represented by a recent rabbit ventricular cell model. 15 Intracellular and extracellular electric conductivities were specified by previously experimentally derived values. 16 The model also included a conducting medium in contact with both endocardial and epicardial surfaces (conductivity 1 S/m). This model, although geometrically simplified, is sufficiently detailed to model the electrophysiological changes at depth within intact rabbit myocardium.
Data Analysis
A sampling rate of 2.6 kHz is insufficient to allow dV/dt max measurements from optical data (see online-only Data Supplement); therefore, 10% to 90% upstroke rise time (TRise) was used as an index of depolarization rate to compare WF, 2PLSM, and ME data directly. 2PLSM data were analyzed using custom-written software. Data are expressed as mean±SE. Statistical analysis was performed using an exact (permutation) t test (paired where appropriate), repeated measures ANOVA with post hoc Tukey-Kramer multiple comparison testing, or 2-way ANOVA with Bonferroni post test. P values of <0.05 were considered significant. Figure 1A -ii shows an activation map using the ×10 objective (left) and ×40 2PLSM frame scan (right) from which structural detail can be seen. Epicardial APs were compared using ME, WF, and 2PLSM ( Figure 1B) . AP duration at 90% repolarization (APD 90 ) did not differ among the 3 techniques ( Motion artifact was minimized using blebbistatin and BDM. Although the specificity of blebbistatin has been confirmed previously, 17 alterations in APD, conduction delay, and restitution characteristics have been reported with BDM. 18 To investigate the influence of uncouplers on AP characteristics, floating ME recordings were compared before and after perfusion of uncoupling agents ( Figure 
Results
Optical and Electric AP Configuration
AP Upstroke Characteristics at Depth
Duration and upstroke characteristics were investigated from 50 to 500 μm below the surface. Figures 2A-i and ii illustrates wavefront propagation in an endo-epicardial direction (endo-transmural) or epi-endocardial direction (epi-transmural) from within the imaging site on the epicardial surface. Lower panels in Figure 2A show representative APs for each propagation axis. During endo-transmural activation (via right atrial pacing, n=11), TRise slowed progressively with increasing tissue depth (Figure 2A -i, lower panels and Figure 2B , black squares), approximately doubling from 50 to 500 μm (3.4±0.2 ms versus 6.8±0.9 ms; P<0.05). This behavior was also evident in a subgroup of hearts where stimulation originated directly from the endocardial surface (LV: Figure 2B , red circles, n=3). The increase in TRise with depth was not observed during epi-transmural propagation ( Figure 2B , blue triangles, n=6).
Transmural Versus Longitudinal and Transverse Propagation
APs recorded during endo-transmural propagation were compared with longitudinal and transverse propagation. Figure 3A -i shows a CMOS camera image (×10 objective) with 2PLSM inset image indicating myofiber orientation. Figure 3A -ii and iii shows activation maps during endo-transmural and longitudinal propagation, respectively. Longitudinal CV was 50 to 60 cm/s, similar to that previously reported in rabbit ventricular myocardium. 19 TRise during endo-transmural (black squares), transverse (blue triangles), and longitudinal propagation (red circles) at a range of tissue depths are plotted in Figure 3B (n=8). At the surface (<200 μm), TRise was significantly longer during longitudinal and transverse propagation compared with endo-transmural (Figure 3B-i; mean data Figure 3B -ii). This difference in TRise is lost at depth, where TRise from all 3 propagation axes converge. The higher variation in longitudinal TRise values may arise from variable structural features between stimulus and recording sites in different preparations as suggested previously. results, TRise was fastest at the epicardial surface and slowed progressively with increasing depth, reaching a steady-state at 200 to 300 μm. Slower TRise accompanied a greater downstream axial current (electrotonic load; red circles; Figure 4A ii). Parallel changes in peak I Na were also observed (inset graph, Figure 4A -ii).
Tissue depth-TRise relationships were examined in the presence and absence of a 0.5-mm thick conducting medium at the epicardial and endocardial surfaces of the tissue slab ( Figure 4B ). With a conducting medium present, TRise values between the stimulus-propagation protocols are qualitatively similar to the experimental results with longitudinal>transverse>endo-transmural ( Figure 4B-i) . As in experiments, TRise increased with tissue depth during an endo-to-epicardial activation pattern. Without conducting medium, the difference between longitudinal and transverse propagation is abolished, suggesting the presence of an epicardial conducting layer is responsible for the TRise differences seen between these 2 protocols. However, allowance for a conducting medium has no effect on the tissue depth-TRise relationship with the endo-to-epicardial activation pattern ( Figure 4B , black squares).
APD and CV With Increasing Tissue Depth
Near the epicardial surface (50-100 μm) APD was shorter during endo-transmural propagation compared with longitudinal and transverse propagation (Figure 5A-i) .
Endo-transmural propagation demonstrated slightly longer APD (≈3%) 500 μm from the epicardial surface relative to 50 μm. However, APD was uniform at depth when the wavefront propagated axially across the epicardial surface. Similar behavior was observed in the computational model ( Figure 5A -ii). Time from right atrial stimulus to AP peak was plotted against tissue depth ( Figure 5B-i 
AP Characteristics and Stimulation Rate
Subepicardial APs were recorded 100, 300, and 500 μm below the surface at increasing stimulation frequencies. Figure 6A shows representative AP upstrokes at (1) 100 μm and (2) 500 μm obtained during right atrial pacing at 2 PCLs. The progressive TRise slowing seen at 300 ms is still present at lower PCLs and, for a given depth, TRise is progressively slower at shorter PCLs (Figure 6B-i Figure 6B-ii) . Plots of APD versus diastolic interval revealed very similar APD restitution characteristics at the 3 depths studied. As expected, transmural CV decreased at shorter PCLs; relative to 300 ms, transmural CV decreased to 83±8% at 250 ms and 79±6% at 200 ms (data not shown).
Discussion
Optical AP Upstrokes Using 2P Excitation in Intact Hearts
Using di-4-ANEPPS and 2P microscopy to measure V m at discrete layers within intact myocardium reproduces AP characteristics recorded using surface MEs ( Figure 1B-iii and iv) . Imaging structural detail >250 μm below the epicardial surface was difficult because of reduced excitation signal caused by photon scattering in the intervening myocardium. 20 Despite this, linescans within discrete layers generated sufficient signal to resolve V m changes >500 μm deep ( Figure III in the online-only Data Supplement). This study demonstrates a significant and progressive decrease of AP TRise in the final 500 μm of myocardium during endo-to-epicardial propagation. These changes were not present in the same region during alternate activation patterns. AP TRise anisotropy on the epicardial surface has been reported in several species 10, 21 and was reproduced in this study ( Figure IV in the online-only Data Supplement), but this is the first study to show changes in TRise at depth. Simulations of transmural propagation qualitatively reproduced the changes in TRise observed experimentally and suggest this effect arises from reduced downstream electrotonic load as the wavefront approaches the epicardial surface. Absolute TRise values in the model were ≈50% of those measured experimentally; this is likely explained by the model parameters for Na + channel function, 15 which were derived from earlier computational models. 22 Recent measurements 23 determined peak I Na amplitude to be ≈33% of that used in the model.
Here, dV/dt max (or the equivalent in terms of fluorescence) was not used because linescan sampling frequency (2.6 kHz) was insufficient to estimate dV/dt max accurately. However, direct comparison of model-derived 100 μm subepicardial dV/dt max (180 V/s) with experimental ME values (102±7 V/s) supports the view that the model values are high. Subsampling ME records (27 kHz) to the equivalent sample rate of the fluorescence signal (2.6 kHz) produces dV/dt max values comparable with those recorded optically.
Optical AP upstrokes measured using a camera and WF optics are slower than the 2PLSM-derived signal because of excitation and emission light scatter and lack of optical sectioning in the former increases the effective volume of tissue sampled. 24 The position of the maximal rate of rise of the WF optical AP (termed V F *) has been shown to depend on wavefront orientation relative to the epicardial surface. 25, 26 V F * from 2PLSM-derived signals was ≈0.5 regardless of propagation direction. This is expected because the 2PLSM-derived emission results from excitation of dye within a small volume of myocardium uncontaminated by signals from adjacent tissue. Similarly, no depth-dependent change was observed in V F * from either experimental or modeling data ( Figure V in the online-only Data Supplement).
Role of Bath Loading in Upstroke Anisotropy
The bath-loading component in bidomain models predicts an anisotropic behavior of dV/dt max (and TRise) close to the tissue surface, 7, 27 with the magnitude of the effect dependent on extracellular resistivity. 28 In line with previous studies, 7, 29 TRise during transverse propagation is faster than longitudinal propagation close to the tissue surface but this diminishes with increasing tissue depth, reflecting the reduced influence of bathloading deeper into the myocardium. Removal of the bath component abolishes this behavior ( Figure 4B ). However, there is little influence of bath loading on AP TRise during endo-transmural propagation, indicating that a low-resistance pathway for current flow at the tissue surface does not contribute to faster AP rise times on approach to the epicardial surface. These theoretical profiles of TRise versus depth for all 3 propagation directions (endo-transmural, longitudinal, and transverse; Figure 4B ) parallel the measured TRise data in Figure 3B and support the view that bath loading rather than regular structural features is the cause of the differences in TRise observed between longitudinal and transverse AP propagation on the myocardial surface. Thus, a bidomain description of myocardial conduction applied to a simple model of myocardial structure is sufficient to reproduce the characteristics of AP rise time.
Transmural AP Duration
APD showed a small but progressive decrease as the wavefront propagated toward the epicardial surface ( Figure 5A and 5B). APs measured at 450 to 500 μm were ≈3% to 4% (5 ms) longer than those measured at the surface. If this represented a gradual shortening of APD as the AP propagated from endo-epicardium (4-5 mm), APD at the endocardial surface would be ≈30 ms longer than at the epicardial surface, a value similar to that reported recently in rabbit ventricular wedge preparations. 12 This can be explained by the effect of electrotonic current flow between cells rather than intrinsic differences in cellular electrophysiology.
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Influence of Heart Rate on AP Rise Time at Depth
Increasing heart rate reduces CV on both the epicardial surface 30 and the transmural dimension. 12 The cellular basis for CV restitution is unclear, although shortened diastolic interval and consequent incomplete recovery of I Na , coupled with increased [Na + ] i resulting in reduced driving force 31 may contribute. This work demonstrates for the first time that AP TRise is increased at short cycle lengths throughout the subepicardial layers. Summation of the rate and depthdependent influence on AP upstroke resulted in rise times of ≈10 ms for APs >500 μm from the epicardial surface (200 ms PCL), considerably slower than in isolated cells. 23 This will have consequences for myocardial excitability.
Boundary Effects and the Safety Factor for Propagation
An important concept when considering cardiac electric excitability and propagation is safety factor (SF), a term quantifying myocardial excitability as the probability of successful conduction throughout the heart. 32 In the present study, as a transmural wavefront approaches the epicardial surface, shortened rise times are accompanied by reduced peak I Na indicating less current required to bring that region to threshold (increased SF). Although boundary effects on AP upstroke and SF have been previously modeled in single strands of myocardium, 33 this is the first study to demonstrate experimentally the extent to which transmural AP rise time is affected as the wavefront approaches a physical boundary (the epicardial surface) in intact tissue. This is supported by computational modeling data where SF in a 2D myocardial matrix under conditions of uniform intramural propagation remains uniform across the tissue but increases significantly over the last 300 to 400 μm of transmural propagation. 
Clinical Considerations
Myocardial excitability is a crucial factor in arrhythmogenesis, and slowed conduction is a prerequisite for reentry. Intramural reentry has been demonstrated to be common during ventricular fibrillation in the LV of large hearts. 35 The data obtained from the current study demonstrate significant gradients in myocardial excitability as an electric wavefront approached the epicardial surface. These gradients may be enhanced by additional physical features such as large blood vessels and in pathologies such as idiopathic dilated cardiomyopathy in which there is often midmyocardial fibrosis. 36 Reduced excitability and slower conduction within the ventricular wall may not be detectable using standard epicardial/endocardial mapping approaches, offering one potential explanation as to why the arrhythmia substrate in idiopathic dilated cardiomyopathy has proven so challenging to characterize.
37
Strengths and Limitations of 2PLSM
The advantage of using 2PLSM to record optical APs is considerably better Z-axis resolution (1-2 μm) compared with WF optics. The technique permits noninvasive measurements of electric activity at discrete depths within an intact ventricle wall up to ≈600 μm from a surface. Over more limited depths, detailed 3D structural information can also be obtained, allowing correlation of electric activity with structural features such as blood vessels or interstitial fibrosis. A limitation of this approach is that measurements at multiple depths can only be done in a slow sequence, preventing mapping of a spontaneous electric event occurring at a random depth. The optical AP signal/noise ratio and maximum depth of recording are a function of laser power, objective optics, detector sensitivity, and dye dynamic range; improvements in all of these will increase the scope of the measurements. Finally, myocardium scatters light considerably even at a wavelength of ≈1000 nm, use of dyes that can be excited at longer wavelengths will increase penetration depth further. This approach offers the possibility of investigating the characteristics of AP propagation through myocardium with interstitial fibrosis or infarcted myocardium.
Conclusions
The current study shows for the first time the extent to which AP upstroke is influenced by both depth and activation sequence and demonstrated the combined effect of depth and stimulation rate in reducing tissue excitability. This work supports the role of bath-loading as a significant factor in determining longitudinal and transverse, but not transmural AP upstroke anisotropy at the epicardial surface. The data show changes in AP rise time and CV as the electric wavefront approaches the epicardial surface and indicates the extent to which boundary effects significantly influence the SF for AP propagation deep within the LV wall.
